We make the first observation and quantitative measurement of quasi-ballistic thermal transport from a nanoscale heat source, finding a significant decrease in energy transport away from the hotspot compared with diffusive thermal transport predictions.
The Fourier theory of thermal transport considers heat transport as a diffusive process, where energy flow is driven by a temperature gradient. However, this is not valid at length scales smaller than the mean free path for the energy carriers in a material, which can be hundreds of nanometers in crystalline materials at room temperature. In this case, heat flow will become 'ballistic'-driven by direct point-to-point transport of energy quanta [1] . Past experiments have demonstrated size-dependent ballistic thermal transport through nanostructures. This Fourier law should also break down in the case of heat dissipation from a nanoscale heat source into the bulk (see Fig. 1 ). However, despite considerable theoretical discussion and its direct relevance to thermal management in nanoelectronics [2] and in nano-enabled energy systems [3] , this non-Fourier heat dissipation has not been experimentally observed to-date.
Here, we accurately measure thermal transport from a nanoscale hotspot into a bulk material using ultrafast diffraction of coherent high harmonic soft x-ray light from a nanostructured surface. We observe ballistic thermal transport at the interface, manifested by a decrease in energy transport compared with the diffusive Fourier law prediction. Our results show that the Fourier law can be corrected to describe energy dissipation from nanostructures into the bulk by introducing a size-dependent ballistic thermal resistance. This finding could have significant impact on the thermal management and reliability of emerging nanoscale devices, and nano-enabled energy systems. In these experiments, we study conduction cooling of nickel nanowires on a sapphire substrate. We use sapphire because it has a long phonon mean free path (Λ~150nm at room temperature). As a reference, we also used fused silica substrates, since this material has a very short mean free path (Λ~2nm). The sample has several arrays of 20nm high nickel strips, with linewidths L varying between 2µm and 65nm. We take ~25 fs, 800nm light from a Ti:sapphire laser amplifier as a pump beam to heat only the nickel nano-lines, generating a nanoscale heat transient (see Fig. 2 ). We probe the thermal expansion and subsequent thermal relaxation by measuring the dynamic diffraction changes of ~30nm soft x-ray light generated using high harmonic generation of the same ultrafast Ti:sapphire laser. The experimental results are shown in Fig 3. We observe a significant effective increase in interface resistivity with decreasing line width (red dots) for the case of the sapphire substrate compared with the bulk resistivity value r TBR (shown as a red dotted horizontal line). In contrast, no change in resistivity is observed for a fused silica substrate (blue dots). We find excellent agreement between the experimental data and an analytical model (blue and red dashed curves). This shows that the Fourier law can still be used if corrected with an extra size-dependent resistance, proportional to Λ/L (phonon mean free path/linewidth).
We also present a systematic study including polarization dependence of the thermal transport, as well as results from similar measurements using a silicon substrate. These experiments further advance the understanding of heat-transfer fundamentals, and are important for the design and manipulation of nanoscale thermal transport in circuits, thermoelectrics, photo-voltaics and other structures of interest in nanotechnology.
